transcripts form transcriptional networks associated with a variety of complex traits HARBISON et al. 2009; MOROZOVA et al. 2009 ).
The high interconnectivity of the transcriptome raises the question of how new genes that arise as a consequence of gene duplication acquire a new transcriptional niche, and how their functional diversification is accommodated in the organization of the transcriptome. We have approached this question using the multigene family of Odorant binding protein (Obp) genes as a model. Odorant binding proteins are thought to facilitate the transfer of apolar odorants in the aqueous antennal perilymph to membrane-associated odorant receptors and have been implicated as essential intermediaries in pheromone detection (XU et al. 2005; HA and SMITH 2006) and insect-host plant interactions (MATSUO et al. 2007 ). However, members of the Obp family are also expressed in the fat body (FUJII and AMREIN 2002) and the male accessory gland ). Furthermore, altered regulation of expression of Obp genes has been observed following mating (MCGRAW et al. 2004; ZHOU et al. 2009 ); exposure to starvation stress (HARBISON et al. 2006) ; during development of alcohol tolerance (MOROZOVA et al. 2006) ; as a correlated response to artificial selection for divergent levels of copulation latency (MACKAY et al. 2005) , aggression (EDWARDS et al. 2006) , and sensitivity to alcohol (MOROZOVA et al. 2007) ; between young and old flies (ZHOU et al. 2009 ); and as a consequence of pleiotropic effects arising from single P-element induced mutations that affect olfactory behavior (ANHOLT et al. 2003 ). These observations indicate that the functions of odorant binding proteins may not be limited to odorant binding per se, but that expansion of the Obp family has resulted in functional diversification.
The genome of D. melanogaster contains 51 Obp genes, many of which occur as clusters (HEKMAT-SCAFE et al. 2002) . Previously, we examined Obp clusters on the second and third chromosome . Since X-linked loci can be under different selection pressures in males and females (males are hemizygous, exposing deleterious alleles to selection every generation) and the effective population size of X-linked genes is ¾ that of autosomes, we were especially interested in analyzing Obp genes on the X chromosome. Thus, we chose all six
Obp genes on the X chromosome for our experiments. Two of those genes are at separate loci (Obp8a and Obp18a), while the other four form a cluster without intervening genes (Obp19a-d).
We sequenced these genes in 219 inbred wild-derived lines from the Raleigh population and asked to what extent polymorphisms in these genes are associated with variation in olfactory behavior in response to four different odorants and variation in lifespan, as previous studies have demonstrated a link between olfaction and lifespan both in flies (LIBERT et al. 2007) and C. elegans (ALCEDO and KENYON 2004) . We detected significant associations with polymorphisms in Obp8a, Obp19a, Obp19b and Obp19c and variation in olfactory responses, as well as significant associations between polymorphisms in Obp19d and variation in lifespan. We used reverse-transcriptase PCR followed by real-time PCR to show that some of these polymorphisms result in altered levels of transcript abundance. We also determined the transcriptional context, or "niche," for each Obp gene by identifying expression polymorphisms where genetic variation in these Obp genes was associated with variation in expression of transcripts genetically correlated to each Obp gene. We then examined these transcriptional contexts to assess if these niches also supported functional specialization for each of the Obp genes examined. We found that the majority of transcripts within each niche were unique to that transcriptional context and enriched for different gene ontology categories such as olfactory behavior, synaptic transmission, detection of signals regulating tissue development and apoptosis, postmating behavior and oviposition, and nutrient sensing. Both our genotype-phenotype associations and these transcriptional niches indicate that the Obp family has undergone divergent functional specializations.
MATERIALS AND METHODS

Drosophila melanogaster lines:
We used 219 inbred lines generated from single inseminated wild-caught females from a Raleigh, USA population by 20 generations of full-sib mating. Flies were reared on cornmeal-molasses-agar medium at 25°C, 60-75% relative humidity and a 12-h light-dark cycle.
Sequencing: Genomic DNA from pools of 30 flies (15 males and 15 females) from each of the 219 lines was extracted using the Puregene DNA extraction kit (Gentra, Minneapolis). PCR primers were designed to amplify overlapping segments corresponding to coding regions and 5`- and 3`-untranslated regions of the six Obp genes (Obp8a, Obp18a and Obp19a-d cluster).
Sequences from the different inbred lines generated by PCR were aligned using the BioEdit 7.0.9 software (HALL 1999) . GenBank accession numbers for the sequences are GQ919302-
GQ920615.
Quantitative RT-PCR: Messenger RNA levels were quantified using reverse-transcriptase PCR followed by real-time PCR using the SYBR Green detection method (Maxima TM SYBR Green/Rox qPCR Master Mix (2X), Fermentas Life Sciences, Burlington, Ontario, Canada) and the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA).
For all samples, the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as an internal control. To investigate the SNP of interest we sampled 10 individuals of each sex from five lines in each homozygous genotypic class. Total RNA was isolated from three independent biological replicates per line using the Trizol reagent (GIBCO-BRL, Gaithersburg, MD). Subsequently, cDNA was generated from 50 ng of total RNA by reverse-transcription PCR using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Primer3Plus (UNTERGASSER et al. 2007 ) was used to design real-time PCR primers. We used a mixed linear model,
genotype (random), B biological replicate nested within line by genotype by sex (random) and the error variance (ε), to determine whether there was a significant difference between the two genotypic classes. This model was run in SAS using PROC MIXED (SAS INSTITUTE 1999).
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Phenotypes: Olfactory behavior was quantified using the well-established ''dipstick'' assay (ANHOLT et al. 1996) . Briefly, five flies of the same sex are placed in a culture vial and exposed to a cotton wool swab dipped in odorant solution inserted to a standard depth near the top of the vial. The vial is placed horizontal and after a 15s acclimatization period the number of flies in a marked compartment remote from the odor source is counted ten times at five second intervals.
The average of these measurements is recorded as a response score and the assay is repeated multiple times on individuals of the same genotype. A theoretical score > 2.5 indicates repulsion, whereas scores < 2.5 indicate attraction to the odorant.Pilot experiments on five of the 219 lines established that a concentration of 3.5% (v/v) provided optimal resolution for evaluating variation in olfactory behavior for acetophenone and hexanol, and 0.3% (v/v) for hexanal in these lines. We measured olfactory behavior of 4-8 day-old flies from 219 wild-derived inbred lines in single-sex groups of five flies/replicate and 10 replicates/sex. Previously, responses to benzaldehyde were measured for 139 of these lines ) and we incorporated these data in our study (the same phenotypic values for benzaldehyde were used by WANG et al., 2010, and ROLLMANN et al. 2010) . All assays were conducted between 1:00 and 4:00 pm at 25°C
and 70% humidity. The experimental design was randomized such that measurements on individual lines were collected over several days to average environmental variation. Longevity was assayed as previously described (VIEIRA et al. 2000) . Briefly, 25 virgin males and females per line were collected in a 24h period and 2-day old flies were housed in five replicate vials with five same-sex individuals per vial. Flies were transferred to fresh medium every two days and the number of live flies was recorded until all were dead.
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Quantitative genetic analyses: We partitioned phenotypic variance between sexes (S, fixed), lines (L, random), the S×L interaction (random) and the error variance (ε) for each trait assayed using ANOVA. We estimated broad-sense heritabilities ( tested polymorphisms were permuted 1000 times and subsequently the same model was run for each polymorphism-phenotype pair in the permuted data set. We set the empirically-derived significance threshold value equal to the 95 th percentile of the polymorphism-phenotype ranked
P-values (CHURCHILL and DOERGE 1994).
Transcriptional networks: Whole-genome transcript abundance profiles were obtained previously from duplicate whole body RNA samples of males and females separately from 40 of the wild-derived inbred lines using Affymetrix Drosophila Genome 2.0 expression microarrays (Supplementary Table S1 in AYROLES et al. 2009 ). We defined a transcriptional network as all transcripts that significantly associated (a nominal P value < 0.001) with a marker in the gene of interest (Obp8a, Obp18a, Obp19a, Obp19b, Obp19c and Obp19d) and were genetically correlated (|r Gij | = 0.4) with the corresponding transcript of interest. We used a regression model
where Y denotes the transcript abundance, S sex (fixed) and M the marker covariate (fixed)) to identify transcripts significantly associated with genotypic variation.
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Singletons and markers in high linkage disequilibrium (LD) with another marker (r 2 > 0.8), as measured in the 40 lines, were discarded from the analysis as well as the association analysis described above to reduce the penalty for multiple testing using the Bonferroni criterion. Markers dropped from high linkage disequilibrium pairs were chosen randomly. We estimated the genetic correlation r Gij between the transcripts of interest within the whole-genome transcript profile.
Genetic correlations were estimated as r G = cov ij /σ i σ j , where cov ij is the covariance of the measure of expression (median log 2 signal intensity of perfect-match probes) between the two transcripts (males and females), and σ i and σ j are the square roots of the genetic variance components for the two transcripts (males and females). In order to annotate which transcripts were significantly associated with a phenotype we used the same regression models as those previously described as well as association analyses previously conducted for longevity, starvation resistance and copulation latency ).
RESULTS
Obp genes harbor polymorphisms associated with olfactory behavior and lifespan: We evaluated the extent of phenotypic variation for responses to two aromatic odorants, benzaldehyde and acetophenone; two aliphatic odorants, hexanol and hexanal; and lifespan among the population of inbred wild-derived lines, for males and females (Figure 1, Supplemental Table 1 ). As expected from previous studies on this population HARBISON et al. 2009; MOROZOVA et al. 2009; WANG et al. 2007; , there is extensive variation for all traits as well as significant differences between the sexes (Figure 1 ;
Supplemental We identified 122 polymorphisms among these six Obp genes; with the smallest number of polymorphisms (8) in Obp18a and the largest number of polymorphisms (37) in Obp19b.
Linkage disequilibrium (LD) analysis among these six genes shows only small pockets of LD which indicates extensive historical recombination (Supplemental Figure 1) . Only one polymorphic marker of pairs that were in high LD (r 2 =0.8) was retained for association studies and singletons were discarded, leaving 87 polymorphisms for association analyses. We used a conservative Bonferroni correction for multiple testing (log (1/P) = 3.24) as well as permutation analyses to establish thresholds for significance.
Polymorphisms associated with variation in olfactory responses were observed in Obp8a, Obp19a, Obp19b and Obp19c (Figure 2 ). We observed significant associations for variation in response to benzaldehyde and C277T, a synonymous substitution in the second exon of Obp19a, and three polymorphisms in Obp19b (G95A, a synonymous substitution in the first exon; T1034G in the 3' untranslated region, and I195D in intron 1). The C277T polymorphism in Obp19a exceeds the permutation threshold, but not the Bonferroni-corrected significance threshold, for association with variation in response to acetophenone (Figure 2 ; Supplemental Table 3 ). Obp8a contains a variable-size in-frame insertion/deletion (I281D) in exon 2, which either deletes one, two, three or four consecutive alanines (when two or three alanines are deleted, the first alanine of this indel is substituted for a valine), and is associated with variation in response to hexanol (Figure 2 ; Supplemental Table 3 ). T1100G in the 3' untranslated region of Obp19b is associated with variation in response to hexanol (Figure 2 ; Supplemental Table 3 ) and T338G in the first intron of Obp19c is associated with variation in response to hexanal. Thus,
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variation in responses to different, even structurally similar, odorants are associated with different SNPs in different Obp genes.
We detected two polymorphisms that were strongly associated with lifespan in Obp19d, T454G in the 5' untranslated region, and C697T, a synonymous substitution in the fourth exon (Figure 2 ; Supplemental Table 3 ). We did not find significant associations with any of the traits and polymorphic markers in Obp18a (Figure 2 ).
Effects of polymorphisms in
Obp genes on transcript abundance: Although it is formally possible that a non-coding polymorphism which affects the phenotype, such as the T1100G polymorphism in Obp19b, is in linkage disequilibrium with an unobserved polymorphism in a nearby gene region that causally affects expression, this is unlikely as linkage disequilibrium decays rapidly in Drosophila; thus, the unobserved causal site would have to be in very close proximity. In order to address this issue and to understand how the Obp polymorphisms identified above affect trait variation we investigated transcript abundance in lines varying for a subset of these markers. Despite the likelihood that variations in transcript abundance arising from a single polymorphic site that affect phenotypic variation might be too subtle to be detectable by RT-PCR, we were able to show that two polymorphisms, the in-frame indel I281D
in Obp8a and the T1100G polymorphism in Obp19b, both associated with variation in response to hexanol, modify levels of transcript abundance either directly or indirectly. To resolve these effects, we selected for Obp8a five lines that were homozygous for the insertion and showed elevated responses to hexanol (response scores were 3.03 ± 0.46 for males; 2.77 ± 0.09 for females; values are pooled averages ± SEM) and five lines that were homozygous for the deletion and showed reduced responses to hexanol (response scores were 1.19 ± 0.22 for males; 0.98 ± 0.17 for females). RT-PCR showed that transcript levels in males were significantly lower in lines with the deletion than in those with the insertion, whereas the deletion did not affect transcript levels in females ( Figure 3A ). It should be noted however that structural variation at the protein level is also likely to contribute to phenotypic variation in olfactory responsiveness in the case of Obp8a as the in-frame indel determines the absence or presence of consecutive alanines.
We performed the same analysis on the T1100G SNP in Obp19b and selected five lines homozygous for the T allele and five homozygous for the G allele. Corresponding olfactory response scores for hexanol were 3.25 ± 0.08 for males, 3.11 ± 0.06 for females, and 0.88 ± 0.15 for males, 0.90 ± 0.11 for females, respectively. We found that transcript levels of Obp19b were significantly higher in lines homozygous for the T allele than for the G allele in both males and females ( Figure 3B ). Table 4 ).
We next asked to what extent those polymorphisms in Obp genes associated with abundance of genetically correlated transcripts were also associated with organismal phenotypes.
We found that the C277T substitution in Obp19a, which was associated with response to benzaldehyde and acetophone, was associated with variation in abundance of 30 different transcripts, including five transcripts associated with the same two organismal phenotypes. Three polymorphisms in Obp19b, G95A, I195D, (both associated with response to benzaldehyde) and T1100G (associated with response to hexanol) were associated with variation in the abundance of 12, 14 and 16 transcripts, respectively. Associations of polymorphisms in Obp genes both with variation in organismal phenotype and with variation in abundance of genetically correlated transcripts may reflect functional connectivity of these transcripts with relation to the phenotype
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(in this case response to benzaldehyde or acetophenone) or pleiotropy due to ripple effects in the transcriptome that emanate from the introduction of mutations in the genome (ANHOLT et al.
2003).
Transcriptional niches support functional diversification:
We explored an alternative avenue to gain insights into the functional significance of the six Obp-centered transcriptional niches by determining whether certain gene ontology (GO) categories would be overrepresented among transcripts of each niche using the DAVID analysis algorithm (DENNIS et al. 2003 ) ( Figure 5A ).
Obp8a did not show detectable enrichment for GO categories, due to the small size of the niche.
The niche of Obp18a was enriched for transcripts associated with learning and olfactory behavior. The Obp19a niche was enriched for transcripts associated with synaptic transmission;
the Obp19b niche was enriched for GO categories collectively dedicated to detection of external signals that activate signal transduction processes which regulate tissue development and apoptosis; transcripts connected with Obp19c are enriched for GO categories of postmating behavior and oviposition; and the network centered around Obp19d, which contains polymorphic markers associated with variation in lifespan, is enriched for transcripts involved with nutrient sensing and synaptic transmission ( Figure 5A ). Thus, members of the Obp19a-d cluster interact with transcripts in discrete transcriptional niches that support their functional diversification.
We also examined the expression levels of the six Obp genes in the FlyAtlas database (CHINTAPALLI et al. 2007 ) to assess whether these data supported the functional diversification that was suggested by the GO analysis. The highest levels of expression of Obp8a were found in the male accessory gland, and expression of Obp18a in the head and hindgut ( Figure 5B ).
Obp19a, Obp19b and Obp19d are expressed in the head, but at different levels, with Obp19b showing low levels of expression and Obp19d high levels in head and brain ( Figure 5B ).
Interestingly, Obp19c expression is high in ovaries (
Figure 5B), consistent with the enrichment in its associated transcriptional network of GO categories of oviposition and postmating behavior ( Figure 5A ). It should be noted that transcripts associated with organismal phenotypes that covary in transcriptional profiles obtained from whole flies do not necessarily have to be expressed in the same cells or tissues. It is tempting to speculate that odorant binding proteins in the accessory gland and ovaries may serve as carriers for hormones that modulate female postmating behavior and physiology.
Next, we used the FlyAtlas annotations to characterize the overall expression patterns of transcripts within each niche ( Figure 5C ). Whereas expression of transcripts is distributed among all tissues documented in FlyAtlas, enrichment of expression is observed in the accessory gland for Obp8a and Obp19c ( Figure 5C ). The enriched expression in the accessory gland for Obp8a-associated transcripts, although consistent with expression of Obp8a itself in the accessory gland ( Figure 5B ), must be interpreted with caution given the small size of this niche (Figure 4 ).
Enrichment of covariant transcripts in the male accessory gland in the niche associated with
Obp19c is intriguing given the high expression of Obp19c in the female ovaries ( Figure 5B ).
DISCUSSION
Previous analysis of Obp genes across 12 sequenced Drosophila genomes showed that purifying selection and tandem gene duplications have driven the evolution of this gene family, while preserving the arrangement of Obp genes as clusters (VIEIRA et al. 2007) . It has been postulated that different functional constraints might indicate functional specialization of odorant binding proteins (VIEIRA et al. 2007; SÁNCHEZ-GRACIA and ROZAS 2008) . Here, we have focused on all six Obp genes located on the X chromosome and inferred the transcriptional contexts of each by identifying expression polymorphisms where genetic variation in these Obp genes was associated with variation in expression of transcripts genetically correlated to each
Obp gene. It should be noted that polymorphisms that are located upstream or downstream from the sequenced regions that might affect variation in gene expression and, hence, contribute to phenotypic variation, are not detected in our study. Our analyses, however, show that these Obp genes occupy distinct transcriptional niches and that their diversification may facilitate functional pleiotropy.
We detected associations between sequence variation in these Obp genes and responses to four odorants and, for Obp19d, longevity. The four odorants chosen in this study occur in fruits from host plants on which flies from the Raleigh population feed (e.g. apples and peaches).
Thus, these odorants may represent ecologically relevant cues for survival in the natural environment. It is of interest to note that the Obp19b and Obp19d transcriptional niches contain a large number of transcripts correlated with life-history traits, including resistance to starvation stress, copulation latency and lifespan ). Previous studies have demonstrated a link between olfaction and lifespan both in flies (LIBERT et al. 2007 ) and C.
elegans (ALCEDO and KENYON 2004) . Caloric restriction is proportionately related to lifespan (PIPER and PARTRIDGE 2007) , and there is an inverse relationship between mated state and longevity, at least in Drosophila females (WOLFNER 2002) .
Only one of the associated polymorphisms (I281D in Obp8a) alters the amino acid sequence of the encoded protein; therefore, it is likely that the majority of associated polymorphisms modulate expression levels, impact alternative splicing, or affect mRNA
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structure, stability or translation efficiency NACKLEY et al. 2006) . It is not surprising that a large number of our significant polymorphisms are located in non-coding regions considering the large number of regulatory polymorphisms implicated in human disease and complex traits in other model organisms (KNIGHT 2005; FLINT and MACKAY 2009 ). Using reverse-transcriptase PCR followed by real-time PCR we were able to illustrate how one of these non-coding polymorphisms might give rise to phenotypic variation, in this case response to hexanol, by modulating transcript levels ( Figure 3 ).
We did not detect associations between polymorphisms in Obp18a and the phenotypes examined. It is possible that Obp18a does not contribute to variation in olfactory responses to any of the four odorants or life span in his population. However, we cannot exclude the possibility that a larger sample size might reveal associations of smaller effect. analysis using expression profiles obtained after exposure to odorants might uncover associations between sequence variation in these six Obp genes and Or and Gr transcript abundance that went undetected in our study.
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Both associations between sequence variation in the Obp genes and our five traits (see In assessing tissue-specific expression of Obp genes and correlated transcripts, iIt should be noted that our transcriptional profiles are based on RNA derived from whole flies. Pooling
RNAs across all tissues is not likely to give us false positives, but will give false negatives in an amount that is proportional to how tissue-specific transcripts are, and their relative abundance in the tissues in which they are specifically expressed. Furthermore, since we are assessing variation in expression among lines, we expect similar results from analysis of whole flies and dissected tissues when the expression of a given Obp gene varies among tissues as well as among lines, if there is no tissue by line interaction.
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It should be noted that the approaches described here can only infer functions for which genes display natural variation. et al. 2009) , and correlations between transcript levels were validated in each case in a sample of phenotype-associated genes by measuring gene expression in corresponding P-element insertion lines (HARBISON et al. 2009; MOROZOVA et al. 2009 ).
Finally, currently ongoing whole genome sequencing efforts will result in the availability of complete sequences of the genomes of 192 inbred wild-derived lines. The future availability of these sequences will for the first time enable genome-wide association analyses in Drosophila,
including an expanded analysis of the entire Obp gene family. Our studies on these six Obp genes, however, already underscore the functional pleiotropy of odorant binding proteins, which Black arrows indicate a marker-transcript association of P ≤ 0.00001, dark gray arrows P ≤ 0.0001 and light gray arrows P ≤ 0.001. Transcripts that are significantly associated with a phenotype after regression analysis (P < 0.01) are in colors other than light gray (dark blue, starvation resistance; maroon, copulation latency; green, longevity; purple, response to hexanol; turquoise, response to hexanal; orange, response to benzaldehyde; light blue, response to acetophenone). Transcript profiles and phenotypic values for starvation stress resistance and copulation latency have been published previously ). See also Supplementary 
